gland is a composite gland made up by the incorporation by the adrenal cortex of chromaffin tissue during foetal life at a stage when the primitive vasculature of the cortex has already been laid down.
The current data suggest that there are two circulations in the adrenal gland, one cortical and the other medullary, and that although the two become closely interlinked during foetal life, some independence remains in adult life. The cortical circulation consists of the cortical arteries and their veins which drain into large trunks at the cortico medullary interface and then directly via larger trunks into the central vein. The medullary circulation consists of the medullary arteries of Flint and their venae comites enclosed in a capsular sheath and an alternative venous exit via the delicate, spidery sinusoids which enter the radicles of the central vein.
There is a limited alternative route for cortical blood via the venae comites of the medul lary arteries. -cortical circulation; medullary circulation; catecholamine glucosteroid relationships
The methylation of nor-adrenaline by phenylethanolamine N-methyltransferase (PNMT) is claimed to be steroid dependent (Wurtman and Axelrod 1966 ) and the degree of methylation related to adrenal cortical size (Shepherd and West 1951) and so ultimately dependent on ACTH as is indeed tyrosine hydroxylase in the synthesis of nor-adrenaline ). Vogt (1944) reported that adrenaline stimulates steroid secretion and postulated that adrenaline must bathe retrogradely and directly the adrenal cortical cells. The steroid dependency of the methylation process is considered to be contingent upon a very close and contiguous relationship between adrenal cortex and phaeochromocytes since no measurable adrenaline was found in chromaffin tissue outside the adrenal gland and in the non-contiguous portion of the adrenal medulla of the rabbit (Wurtrnan and Axelrod 1966).
The evolutionary necessity for chromaffin tissue to migrate within the adrenal cortex is not obvious since it is not a prerequisite of survival of the individual although adrenaline has greater glycogenolytic power than nor-adrenaline. Since there is no obvious evidence supporting the hypothesis that cortical venous blood selectively perfuses the phaeochromocytes and that the venous blood flowing from the phaeochromocytes retrogradely perfuses the cortical cells, the current investiga tion is concerned with assessing the nature of the venous system in both cortex and medulla of the adrenal gland.
MATERIALS AND METHODS
The adrenal elands of humans and greyhound dogs were used. Human adrenals were removed from 5 fresh cadavers, flushed out with 1% heparo saline and injected with China ink via the main vein at a pressure of 120 mm Hg. The specimens were then sectioned and stained as indicated above. The human adrenal must be injected before autolysis of the medulla occurs; otherwise the ink accumulates in the space formerly occupied by that tissue.
RESULTS
The general pattern of the vascular system of the adrenal glands of several species, including dog and man, has been described by previous authors (Flint 1900; Merklin and Michels 1958) . These descriptions give the impression that there is one circulatory system in the adrenal gland although this gland is composed of two district tissues. The present concern is with the pattern of venous drainage from the cortex and medulla and the investigation into the hypothesis that a portal system exists in both directions (Vogt 1944; Dobbie and Symington 1966) .
Dog adrenals
When the adrenal glands were injected via the aorta and renal artery simultaneously, the whole gland was well and homogeneously perfused . When injected via the renal artery only, however, a variable and patchy filling of the cortex was achieved. The phaeochromocytic sinusoids were always well and completely perfused via the medullary arteries which penetrate to the medulla by traversing the cortex (Flint 1900) . The outer part of the cortex is sometimes supplied with blood by small branches from these arteries but the extent of this When the adrenal gland was injected via the adrenal vein, homogeneous filling of the cortical and phaeochromocytic sinusoids was achieved provided the gland had been previously well flushed out with a solution of 1% heparo-saline.
When the adrenal gland was injected with China ink via the renal artery, the medullary arteries of Flint (1900) were filled as well as their venae comites. The medullary arteries were the only large arteries seen traversing the cortex and they carry with them, in the canine gland, an infolding of zona glomerulosa and capsule.
When the adrenal gland was injected with China ink via the main vein, filling was achieved of the venae comites of the medullary arteries as well as the phaeo chromocytic and cortical sinusoids. From an assessment of 50 injected adienal glands the constant pattern of the venous system was remarkable. China ink injections reveal that large venous trunks are situated in the cortex at all levels ( Fig. 1 ) in addition to the smaller sinusoids. The cortical sinusoids usually continue, however, to the zona reticularis medullary interface before forming large venous trunks which run quickly into the central vein ( Fig. 2 a, b) . Thin spidery sinusoids from the phaeochrotnocytes, on the other hand, join these large cortical confluences at almost right angles all along their route to the central vein without forming large venous trunks like those in or emerging from the cortex. It is remarkable that the sinusoids of the phaeochromocytes do not directly join the central vein although the phaeochromocytes and their sinusoids are in very close contact with it ( Fig. 3) . If red blood cells are not cleared by prior flushing with 1% heparo-saline solution, the China ink tends to distend the large venous trunks (Fig. 4 ) and fails to enter the cortical sinusoids. The current observations suggest that the large venous tributaries of the central vein and this vein itself are originally of cortical origin. This argument is reinforced by the fact that large venous trunks are present in the tail and alae of the human adrenal gland where there are no phaeochromocytes. It would also appear that the venous flow from the cortex cannot preferentially perfuse the phaeochro mocytes since venous flow from the latter is into the large venous trunks flowing directly into the central vein (Fig. 3) . There is no evidence , therefore, to support the statement "The adrenal medulla normally receives the undiluted venous effluent from the adrenal cortex" (Wurtman et al. 1972 ).
The venae comites of the medullary arteries of Flint (1900) travel with these arteries isolated in a capsular sheath (Figs. 5 and 6) and hence blood transported by this route cannot perfuse the cortical cells before emerging on the capsular surface and later flowing into the renal vein. Retrograde injection of China ink via the central adrenal vein permits extensive filling of the cortical sinusoids. Although capsular veins become filled, it would appear that they are not filled, to any great extent, from cortical sinusoids draining even from the zona glomerulosa (Fig. 1 b) . The filling of the capsular veins appears to be mainly but not exclusively dependent on flow from the venae comites of the medullary arteries (Fig. 5) evidence to support the suggestion of Dobbie and Symington (1966) that the biosynthetic products of the zonae fasciculata and reticularis can exit via the veins or arteries rather than or in addition to the central vein is the demonstrated link between some inner cortical sinusoids and the venae comites of the medullary arteries (Fig. 5) . The exit of adrenaline via this route would provide an explana tion for the observation of Cow (1914) that there is a higher concentration of adrenaline in the perirenal veins than in the general circulation . The in vivo pres sures and conditions under which such limited retrograde flow can occur in both man and dog are unknown and difficult if not impossible to assess .
Muscle content of adrenal veins
Although not so conspicuous as in the human adrenal (Dobbie and Symington 1966), longitudinal muscle was detected in the veins of canine adrenals where small vessels meet larger. The possible functional significance of muscle content at these junctions has been reviewed by Heinivaara (1955) but it is difficult to assess.
Human adrenal gland
Provided the adrenal venous system is well flushed out with heparo-saline prior to the China ink injection, no difficulty was experienced in filling the cortical sinusoids retrogradely. Sasano et al. (1971) reported difficulty in filling the sinu soids with a barium solution. The 'hold-up of blood at the cortico-medullary vascular dam', referred to by Dobbie and Symington (1966) , is an artefact caused by insufficient wash out of red blood cells from the cortical sinusoids. Having successfully filled, in the current experiments, the venous system of the human adrenal gland, the essential constancy and similarity to that of the dog bcame apparent (Figs. 1 b and 2 b) . The only marked differences between the human and canine venous systems are 1. the presence of an emissary vein in the human 2. the muscular content of the human adrenal vein and 3. a venous communi cation with the liver in the human (Sasano et al. 1971 ). These differences do not concern the current assessment of whether a portal venous system is present in canine and human adrenal glands. 
Phaeochromocytes
The distribution of phaeochromocytes containing nor-adrenaline granules and those containing adrenaline granules corresponds in dog and human. There is usually a clear zone of cells containing adrenaline granules lying between the venous system at the zona reticularis-medullary interface and the scattered colonies of the former type of cells (Fig. 7a ). This agrees with the observations of Rubin et al. (1968) . Although there is this corridor of cells containing adrenaline granules separating the nor-adrenaline cells from the larger venous trunks, the latter type of cells is to be found adjacent to the vessel walls at a sinusoidal level (Fig. 7 b) . Contrary to what Rubin et al. (1968) reported, the current studies demonstrated vast numbers of nor-adrenaline storing cells in canine adrenal glands including ectopic colonies in the cortex. At least in the dog there is ample evidence that a modest amount , compared with the human, of longitudinal muscle is present in the adrenal venous systems where small vessels meet large. In neither dog nor human adrenal is there any sign of longitudinal muscle in the capsular veins or venae comites and yet adrenal hormones leave the adrenal gland by this route also . A comparative survey of this subject would temper any theory concerning the function of the longitudinal muscle of the human adrenal vein. It is not immediately obvious what particular function muscular adrenal veins subserve or why there should be a vein with such characteristics in such widely differing species such as man , elephant, hippopotamus, rhinoceros and some apes (Heinivaara 1955) . Nor is it obvious why hypertrophy of the smaller radicles of the adrenal vein occurs in hypertension (Zecker 1935) and in contracted kidneys (Kashiwagi 1922 ) in which conditions one can establish that there is increased renal vasoconstriction and, on the other hand, hypertrophy can occur in toxic goitre (Zeckwer 1935) which is a disease characterized by an increased renal blood flow and hence reduced renal vasoconstriction. Dobbie and Symington (1966) observed that retrograde perfusion of the human adrenal is obligatory for in vitro biosynthetic studies but it is not possible on the current data to appreciate its relevance or to show how this perfusion can be, if at all, achieved in vivo.
The results of injecting China ink into the adrenal gland via the renal artery indicated that the vessels arising from this source supply part of the zona glomeru losa but the medulla was always normally perfused. In about 30% of cases in both dogs and humans there is no obvious renal artery branch to the adrenal gland (Dempster 1955 ; Merklin and Michels 1958) but subarcuate perforating vessels from the renal cortex or aortic branches provide a supply to the phaeochromocytes (Dempster 1973 ). The medullary arteries of Flint (1900) penetrate into the adrenal medulla without usually giving branches to the cortex but in 30% of canine adrenal glands a contribution is given to the anastomosis in the subcapsular plexus formed by the cortical arteries.
The evidence from the current experiments suggests that there are two circulations within the adrenal gland -one to the phaeochromocytes and one to the cortical cells. The cortical and chromaffin tissues merge at a time when the primitive vascular system has been already laid down. The sinusoids of the human adrenal cortex become remarkably large by the 9th foetal week (Patten 1968 )-at which time the chromaffin masses are about to invade the cortical tissue. The chromaffin mass moves within the adrenal cortex with its own blood supply. The microcirculatory pattern then changes throughout foetal life (Sasano et al. 1971) but the sinusoids of the cortex remain quite different from those of the phaeochro mocytes (Fig. 6 b) . The large cortical collecting trunks at the cortico-phaeoch romocyte interface quickly join even larger venous trunks which in turn flow into the central vein (Figs. 3, 4 and 5) which, as noted by Dobbie and Symington (1966) The original vascular supply of the chromaffin mass which becomes enveloped by the adrenal cortex, it is suggested, is represented by the medullary arteries of Flint (1900) , the spidery sinusoids of the phaeochromocytes and the venae comites of the medullary arteries. The spidery sinusoids remain delicate and flow into the large trunks of the cortical venous system which traverses the medulla (Figs. 2  and 4 ) or into the venae comites of the medullary arteries of Flint (1900) (Fig. 5 ). This independence of phaeochromocytic blood supply would explain the fact that diffuse haemorrhagic necrosis of the cortex does not involve the phaeochromocytes (Sasano et al. 1971 ) since their venous drainage enters the confluence of the cortical veins beyond the cortex. Because the direction of flow of the phaeochromocytic sinusoids is towards the cortical veins traversing the medulla there is no pathway for cortical venous blood to perfuse preferentially the phaeochromocytes en passant and there is no evidence of a retrograde flow from them which could perfuse the cortical cells. There is no evidence to support the hypothesis of Dobbie and Symington (1966) and Pohorecky and Wurtman (1971) that a portal system is present in the adrenal gland. Furthermore, by definition, a hormone is a substance which enters the blood stream and effects a reaction on some distant target so that a close and direct hormonal relationship between cortex and phaeochromo cytes via a portal system would be unique. It is difficult, therefore, to conceive from a circulatory point of view, how adrenaline not only directly stimulates steroid production but is itself directly stimulated by steroids (Vogt 1944; Wurtman and Axelrod 1966) .
It has been shown biochemically that adrenaline can be synthesized in tumours of chromaffin tissue (Goldstein et al. 1968 ) but the frog-type PNMT enzyme (not glucosteroid dependent) has been suggested to exist in extra-adrenal chromaffin tissue (Wurtman et al. 1968 ). This concept is rather contradicted by the report of Coupland and MacDougall (1966) that extra-adrenal phaeochromocytes can be cultured in vitro when only nor-adrenaline granules can be detected; if, however, glucosteroid is added to the culture medium the cells start to accumulate adrena line granules. This can apparently be achieved without the presence of PNMT which contradicts the claim of Wurtman and Axelrod (1966) Although there is no evidence for a portal system in the adrenal gland as postulated by Pohorecky and Wurtman (1971) and Dobbie and Symington (1966) and hence no anatomical obligation for cortical venous blood to bathe the phaeochromocytes before leaving in the central venous effluent, other theories may be formulated by which the adrenal cortex may be linked physiologically to the adrenal phaeochromocytes. One aspect of the link may be a simultaneous cortico-phaeochromocytic response to increased adrenal blood flow by a mecha nism involving a renal-adrenal feed-back system. There is a great deal of circum stantial evidence to support the observation that whenever there is a state of increased renal vasoconstriction, as in shock, there is a concomitant increased release from the adrenal gland of glucosteroids and adrenaline (Mack and Egdahl 1970) . It is also established that an injection of adrenaline, by evoking renal vasoconstriction, will improve selective adrenal angiography performed via the renal artery (Kahn 1965 ) by increasing the blood flow, and further proof of this effect has been reported (Dempster 1973) . Since renal vasoconstriction is greatly influenced by the action of vasopressin (Brull and Louis-Bar 1953) , it is perhaps significant that in the decerebrate animal adrenal blood flow and hormone production are low (Balfour 1953 ). On the other hand, in the early morning when vasopressin levels are at their highest, adrenal hormone (cortisol) production is also greatly increased and at its daily maximum including plasma 1-tyrosine levels (Pohorecky and Wurtman 1971 ) at a time when adrenal blood flow is greatly increased (Doe et al. 1956; Sjostrand 1934) . It is debatable whether the adrenal phaeochromocytes are exposed to higher levels of glucosteroids than any other organ in the body as has been suggested but not demonstrated by Wurtman and Axelrod (1966) . The concentration of gluco steroids in the main adrenal vein may be 100 times greater than that in the general circulation (Pohorecky and Wurtman 1971 ) but this does not prove that the phaeochromocytes have been perfused with cortical blood even by diffusion. Al though it has been shown that the normal post-natal degeneration of extra-adrenal phaeochromocytes can be prevented by giving large doses of glucosteroids or ACTH to neonates (Lempinen 1964 ), Mikulaskova-Rochova and Linet (1967) could not confirm that the adrenal medullary catecholamines are steroid dependent as reported by Wurtman and Axelrod (1966) . This permits one to dispense with a concept difficult to substantiate from a circulatory point of view, especially since PNMT has been located in the heart (Axelrod 1962) where, apparently, noradrenaline can be converted to adrenaline at normal plasma levels of steroids. There is also evidence for a neuronal control of PNMT which is independent of glucoster oids ).
The evidence relating glucosteroid control to the methylation of nor-adrenaline to adrenaline is contradictory. There is no evidence that any relationship which may exist is dependent on a portal system whereby the adrenal cortical venous blood preferentially perfuses the phaeochromocytes.
